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Abstract
The effective action for baryons in external electromagnetic fields
is found on the basis of QCD string theory. The area law for large Wil-
son loops is implied and we use the same string tension as for mesons
to have a slope of baryon trajectories considing with the slope of me-
son traectories. The asymmetric quark-diquark structure of nucleons
is accepted and the approximation of straight-line strings is used.The
mean distances between quarks are estimated using the virial theo-
rem. We calculate the electric and diamagnetic polarizabilities of a
proton αp = 10  10−4 fm3, βdiap = −8  10−4 fm3 and neutron
αn = 4.2  10−4 fm3, βdian = −5.4  10−4 fm3 on the basis of the
perturbative theory in small external electromagnetic fields. Using the
∆ contribution to the paramagnetic polarizability of the nucleons, the
reasonable values of magnetic polarizabilities βp = (53)10−4 fm3,
βn = (7.63)10−4 fm3 are estimated. As a result there is no mag-
netic crisis as one occures in the nonrelativistic quark model.
I. INTRODUCTION
In recent papers [1,2] we have calculated some electromagnetic character-
istics of mesons in the framework of the QCD string theory [3,4]. Starting
with QCD and excepting the area low for the Wilson loop integral, the eec-
tive action for mesons in external electromagnetic elds was derived. This
approach takes into account the chiral symmetry breaking and the conne-
ment of quarks [3,4]. This work is the continuation of [5] on the case of
baryons, i.e. the three-quark system. We make some assumptions such as (i)
the area low behaviour of the Wilson loop, (ii) the stright-line approximation
of the strings, (iii) the handling of spin degrees of freedom as a perturbation,
(iiii) the quark-diquark structure of .baryons. The spin-orbital, spin-spin
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interactions and Coulomb like short-range contributions are also neglected,
as a rst approximation. The area-low of the Wilson loop integral (or the
connement of quarks) was conrmed by the Monte-Carlo simulations and
by the theoretical considerations. One of the approach which explaines the
connement of quarks is the approach [6] introducing stochastic gluon vac-
uum elds. The second one uses the dual Meissner eect to guarantee the
connement of colour [7,8]. In our consideration, the connement of quarks
is postulated by excepting the area-low of the Wilson loop. The use of the
stright-line approximation for the Nambu-Goto string is usefull to simplify
the calculations. Neglecting short-range interactions is justied by consider-
ing large distances. The quark-diquark structure of baryons was conrmed
in the framework of the nonrelativistic [9] and relativistic [10] models. In this
case the linear baryon Regge trajectories have the same slope as for mesons
[3].
The paper is organized as follows. In Section 2 we describe the general
background and nd the Green function of a baryon. The eective action for
baryons in external electromagnetic elds based on the proper time method
and Feynman path-integrals is found in Section 3. Section 4 contains the
calculation of average distances between quarks and electric polarizabilities
of nucleons. We derive diamagnetic polarizabilities of protons and neutrons
using the perturbative expansion in the small magnetic elds in Section 5.
Section 6 contains a conclusion.
II. THE GREEN FUNCTION OF THREE-QUARK SYSTEM
Here we derive the Green function of three-quark system using the Schwinger
proper time method and the Feynman path-integrals. Our goal is to calcu-
late some electromagnetic characteristics of nucleons. For this purpose we
need the eective action for baryons in external electromagnetic elds. The
method of the Green functions will be explored. Let us consider the Lorentz
and gauge invariant combination of three quark colorless system (baryon) [4]
XB(x; y; z; Ci) = abc [(Z0; x)q(x)]a [(Z0; y)q(y)]b [(Z0; z)q(z)]c ; (1)
where q(x) is a quark bispinor; a, b, c are colour indexes so that [(Z0; x)q(x)]a =
aa′ (Z0; x)qa′ (x) and abc is the Levi-Civita symbol (123 = 1). We imply that
quark elds q(x), q(y) and q(z) possess the denite flavours which will be
specied later at the considering nucleons. As usual there is a summation on
repeating indexes. The gauge invariance is guaranteed here by introducing
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the parrallel transporter [4]:








where P is the ordering operator along the contour C1 of integration, g
is the coupling constant, Aµ = A
a
µ
a; Aaµ are the gluonic elds; 
a are the
Gell-Mann matrices and Z0 is the string junction. As XB(x; y; z; Ci) is a gage
invariant object, it obeys the Gauss law on the spacelike surface . Three
quarks (with elds q(x), q(y) and q(z)) are situated in the four-points x,
y, z, respectively and connected with the four-point Z0 which is arbitrary
four-point. Later, the position of Z0 will be dened by requiring to have the
minimal area for the world surface of three quark system [4]. The contour of
integration in Eq. (2) is also arbitrary.
Let the four-points x, y,z and x0, y0,z0 be the initial and nal positions of
three quarks, respectively. Two particle quantum Green function is dened
as [4]:
G(xyz; x0y0z0) = hXB(x; y; z; Ci)XB(x0; y0; z0; C 0i)i; (3)
were XB(x
0; y0; z0; C 0i) corresponds to the nal state of a baryon:
XB(x
0; y0; z0; C 0i) = mnk [q(x
0)(x0; Z 00)]m [q(y
0)(y0; Z 00)]n [q(z
0)(z0; Z 00)]k :
(4)
Here q = q+γ4; q
+ is the Hermite conjugate quark eld ; γµ are the Dirac




DqDqDAµ exp fiSQCDgXBXB; (5)
with the QCD action SQCD. We implay that the measure DAµ in the
path integral (5) includes the well known weight for gluonic elds [11]. The
Minkovski space is used here but it is not dicult to go into Euclidian space
to have good dened path-integrals.
Let us introduce the generating functional for Green’s function to calcu-












where we introduce the external colour anticommutative sources a, a.
Then the Green function (3) can be written as
G(xyz; x0y0z0) =
[
abcmnkaa′(Z0; x)bb′(Z0; y)cc′(Z0; z)





In Eq. (7) Z0 and Z
′
0 are the initial and nal positions of the string junc-
tion, respectively. The total surce which consists of world motions of quarks
and the path of the string junction must be minimal. This requirement de-
nes the path of the string junction [4]. Now it is possible to integrate the
path-integral in Eq. (7) over quark elds q, q as expression (6) is a Gauss
integral. We may represent the QCD action in the form of
SQCD = S(A)−
∫
dxq(x) (γµDµ + m) q(x); (8)
where S(A) is an action for gluonic elds with the included ghost elds,
Dµ = @µ − igAµ; m is the quark mass matrix and we imply the summation
on colour and flavour indexes. Inserting Eq. (8) into Eq. (6) and integrating
with respect to quark elds, we arrive at the expression
Z[; ] =
∫








where the classical quark Green function S(x; y) is the solution of the
equation
(γµDµ + m)S(x; y) = (x− y): (10)
Using Eq. (9) and calculating the variation derivatives in Eq. (7) we nd
the quantum Green function of a baryon:
G(xyz; x0y0z0) =
∫


















where we introduce the following notation for the covariant Green func-
tion
SΦam(x; x
0) = aa′(Z0; x)Sa′m′ (x; x
0)m′m(x0; Z 00): (12)
The functional determinant in Eq. (9) describes the contribution from the
vacuum polarization and gives the addition quark loops. As a rst approx-
imation we neglect the contribution of the loops. The presence of dierent
terms in Eq. (11) is connected with the permutations of quark elds because
the quantum Green function is considered. As dierent terms in Eq. (11)
have the same structure, we consider in detailes only one term. Neglecting





DAµ exp fiS(A)g abcmnkSΦam(x; x0)SΦbn(y; y0)SΦck(z; z0):
(13)
III. EFFECTIVE ACTION FOR BARYONS
To calculate some electromagnetic characteristics of nucleons we consider
baryons in external electromagnetic elds. Then covariant derivatives be-
come Dµ = @µ − igAµ − ieAelµ , where Aelµ is the vector-potential of electro-
magnetic elds. Using the proper time method and Feynman path-integrals
we found in [2] the Green function of a quark which is the solution to Eq.
(10):






























µ (z) + µν
(




where F elµν = @µA
el
ν − @νAelµ , Fµν = @µAν − @νAµ − ig [Aµ; Aν ] are the
strength tensors of electromagnetic and gluonic elds, respectively; µν =
−(i=4) [γµ; γν] are the spin matrices; PΣ is the ordering operator of the spin
matrices µν ;

zµ (t) = @zµ(t)=@t; zµ(t) is the path of the quark with the
boundary conditions zµ(0) = x
0
µ, zµ(s) = xµ and (x; x
0) is the path ordered

































































where the contour Cx in Eq. (15) consists of lines between Z0, x and
Z 00, x
0 and path zµ(t). Using the expression (15) for each quark, the baryon




























































where j = 1; 2; 3; ej is the charge of the j-th quark; the boundary con-




µ (s1) = xµ , z
(2)




µ (s2) = yµ, z
(3)
µ (0) = z
0
µ,
z(3)µ (s3) = zµ are used here and the Wilson loop is given by (see [4])






















µ and masses m1, m2, m3 , respectively. Relationship (16) is the gener-
alization of one [3,4] on the case of quarks placed in external electromagnetic
elds and which possess spins.
We imply further that average distance between quarks hri is greater then
the time fluctuations (in units c = h = 1) of the gluonic elds Tg: hri > Tg.
As Tg ’ 0:2  0:3 fm [12,13] so the condition hri > Tg is valid not only
for asymptotic baryon states of the Regge trajectories with large angular
momenta of the baryon but also for lower baryon states. The asymptotics of
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the avarage Wilson loop integral obeys then the area law and is given by (in
the Minkowski space):
hW (CxCyCz)i = exp f−i (S1 + S2 + S3)g ; (18)
where  is the string tension and Sj (j = 1; 2; 3) is the minimal surface
bounded by the trajectories of the quark qj and string junction Z0. The path
of the string junction is dened by the requirement that the sum S1 +S2 +S3














where  means the proper time for every quark and j (j = 1; 2; 3 ) is








































































−i (S1 + S2 + S3)g: (20)
The integral in the last exponential factor of Eq. (20) represents the
eective action for three quark system (baryon) with taking into account
spins of quarks. So the T is the time of the observation,  is the proper
time of quarks; mj and j are the current and dynamical masses of j−th
quark. It follows from Eq. (20) that there is the integration over dynamical
masses j to get the Green function of three quark system. Pre-exponential
factors in Eq. (20) allow to calculate in principle the spin-spin and spin-
orbital contributions to the eective action. As a rst approximation (see
[3,4]) we neglect the short-range spin corrections and consider therefore scalar
quarks. The terms ejµνF
el
µν which describe the interaction of the magnetic
7
eld with the spin of quarks will be omited. At this assumption we arrive at






























− (S1 + S2 + S3) :
(21)
The case when electromagnetic elds are absent was considered in [3,4].
The terms which describe the interaction of quarks with electromagnetic
elds are essential for us because we are going to calculate electromagnetic
characteristics of nucleons. It is convenient to introduce new variables Rµ,
µ and µ instead of z
(j)
µ in accordance with relationships [3,4]:
z(1)µ = Rµ +
(
3





1 (1 + 2)
)1/2
µ;
z(2)µ = Rµ +
(
3





2 (1 + 2)
)1/2
µ;
z(3)µ = Rµ −
(




where Rµ is the center of mass coordinate of a baryon; µ and µ are
relative coordinates of quarks, M = 1 + 2 + 3 is the sum of dynamical
masses of quarks. The arbitrary mass parameter  in Eq. (22) denes the




(j) transforms into DRDD in path-integral (20).
Let us consider the uniform and constant external electromagnetic elds.








Inserting Eqs. (22), (23) into Eq. (21) we nd the eective action fot


















































































































(e1 + e2) 3
1 + 2
+




and e = e1 + e2 + e3 is the charge of a baryon. As a particular case, when
electromagnetic elds are absent (B = 0) we arrive at the action derived
in [3]. It follows from Eq. (24) that the center of mass coordinate Rµ is sep-
arated from relative coordinates µ and µ and  plays the role of the mass
of the µ, µ excitations. Following [3,4], the straight line approximation for
strings and the asymmetric quark-diquark structure of baryons will be as-
sumed. The asymmetric conguration (see also [9,10]) means that two quarks
q(1) and q(2) are near each other and quark q(3) is farther from them. This
case is more preferable [9,10] and the slope of linear baryon Regge trajecto-







and the coordinate µ can be ignored. We neglect therefore the surfaces S1,













M (1 + 2)
: (28)
Equation (27) takes into account the connement of quarks and gives the
linear potential between quarks. Using the denition B =
∫ T
0 dL, where L
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− b j  j +Lel: (29)







Rµ Rν + 
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Lagrangian Lel describes the electromagnetic interaction of the string. It



















As the second term in Eq. (31) is small, the coordinate µ is proportional
to the "distance" between quark q(3) and the center of mass of quarks q(1)
and q(2) which form a diquark. At the large time T limit 4 = 0, R4 = i
[3,4] and Lagrangian (30) takes the form






Rm Rn + 









where the electric eld Ek = iFk4 and magnetic eld Hk = (1=2)kmnFmn:
To clarify the physical meaning of the terms in Eq. (32), let us consider the
dipole moment of quarks. Using the denition of the electric dipole moment





(j) = eR + γ + : (33)
So rst two terms in Eq. (32) (with neglecting the coordinate µ ) de-
scribe the interaction of the dipole moment of quarks with the elctric eld in
accordance with the expression for the potential energy: U = −(dE). The





















































It follows from Eqs. (25), (32) that there is an interaction of the magnetic
eld with the magnetic moment in such a way that the interaction energy is
U = − (mH). So Lagrangian (32) describes the interaction of electric and
magnetic moments of baryons with electric and magnetic elds, respectively.
IV. MEAN RELATIVE COORDINATE AND ELECTRIC
POLARIZABILITIES OF NUCLEONS
At the large time T limit

0= 0 (4 = i0) , R4 = i [3,4] and therefore
only three dimensional quantities Rk and k are important. From Eq. (32)
we nd three momenta corresponding to the center of mass coordinate Rk





















knmHm (n + 2γRn) ; (35)
Here we take into account that Lagrangian is dened with the accuracy



























k +b j  j −e (ER)− γ (E) ; (36)
Hamiltonian for baryons Eq. (36) looks like one for mesons [2] because
we consider basically the string between quark and diquark. Therefore the
line of calculations of mean coordinates and electromagnetic polarizabilities
is the same. But in the case of baryons there are more parameters and the
analysis is more complicated.

























( H) + γ (RH)
]2
+ b j  j −e (ER)− γ (E) ; (37)
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where ( H)k = mnkmHn. The mass of a baryon M(j) is dened
here as a solution to equation
Heff = M(j): (38)
In according to the Noether theorem, the momentum Π is conserved and
we can put R = Π = 0 in Eq. (37). To nd the solution to Eq. (38) we










+ (j ;E;H); (39)











( H)2 + b j  j −γ (E)

= (j ;E;H): (40)
The term (γ2=(2M)) ( H)2 in Eq. (40) is due to the recoil of the string.
In nonrelativistic models the eect of the recoil was studied in [13] (see also
[14]). As we neglected spin of baryons here, there is no interaction of spin
with the external magnetic eld. It is not dicult to take into account such
interaction. Eq. (40) is like the equation for mesons [2] and therefore we
write out the solution for the ground state. If E = H = 0, the solution to
Eq. (40) when the orbital quantum number l = 0 is given by
(; ; ) =
N








3, k = (2b)
1/3k, Ai( − a(n) is the Airy
function, Ylm(; ) is the spherical function, N is the normalization constant
and a(n) are the Airy function zeros so that a(1) = 2:3381, a(2) = 4:0879,
a(3) = 5:52 and so on [15]. For the ground state of baryons the principal
quantum number n = 1. For the excited states it is necessary to choose the
corresponding value of n = nr+l+1, where nr is the radial quantum number.
The eigenvalue of Eq. (40) (at E = H = 0) is
(j) = (2)
−1/3 (b)2/3 a(n) = ()2/3a(n)
[
M




The condition of the minimum of the baryon mass (39) (@M(j)=j = 0) at
















This value is dierent from one [3] obtained for large angular momentum.
Using Eq. (43) we arrive from Eq. (39) at the expression for the mass of a












To estimate the baryon mass, the value of the string tension  = 0:15
GeV2 will be used [3,4]. Neglecting the small current masses of quarks mj
we nd from Eqs. (43), (44) the mass of a diquark for n = 1: 
(0)
3 = 320
MeV and the nucleon mass : M(j) = 1:28 GeV [5]. This value of the
nucleon mass is a little greater then real nucleon mass because spin-spin and
spin-orbit forces were omitted.
Now we consider the mean relative coordinates of nucleons on the basis of
virial theorem which gives as for the case of mesons [2], the mean potential
energy hUi = 2hT i, where hT i is the mean kinetic energy. Then using the






















In accordance with Eq. (31) the size of the nucleon is characterized by
the value j z(3) − (1=2)(z(1) + z(2)) j’j b j. Introducing the notation r =b,











The same expression was found in [1,2] for mesons. For quark-diquark
system the string tension coinsides with those of mesons and therefore quark-
diquark system has approximately the same size as mesons. Using  = 0:15
GeV2 and a(1) = 2:2281 we nd the mean size of the nucleons
h
p
r2i = 0:84 fm: (48)
The experimental value of the charge radii of the proton and neutron are√
hr2pi = 0:86 fm [16],
√
hr2ni = −0:1130:003 fm [17]. In accordance with Eq.
(4.43) the center of mass of the quark-diquark system is situated in the center




and the mean radius of a nucleon
is (1=2) hpr2i = 0:42 fm which is the resonable value. It should be noted
that charge radii of hadrons are dened from electromagnetic formfactors.
Now let us consider the case when H = 0, E 6= 0: It is possible to assume
as an approximation that E k  [5], i.e. external electric eld is parallel to




. So we neglect
the rotation of the string. It is justied only for the ground state when the
orbital quantum number l = 0. Introducing the eective string tension
eff =  − γ
b
E; (49)
we arrive from Eq. (40) to the eigenvalue (j;E) = (2)
−1/3 (beff )
2/3 a(n).
From (43), (44), by neglecting the small terms containing the current masses







which depends on the external electric eld. Inserting Eq. (49) into Eq.
















where Eq. (43) was used and q = e1+e2−e3. We write here only terms of
the expansion M(j;E) in small electric eld till E2. First term in Eq. (51)
gives the mass of a baryon. The second one is connected with the potential
energy of a dipole moment of quarks in the external electric eld U = −dE.
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From Eq. (33) when the center mass coordinate R = 0 and j  j j  j,
the dipole moment of quark-diquark system is d ’ γ = (γ=b)r. Comparing
the potential energy of a dipole U = −(γ=b)rE (at E k r) with the second
term of Eq. (51): −(q=p)[a(n)=3]3/4E we arrive at the expression for the
mean relative coordinate r = (2=
p
)[a(n)=3]3/4 which coincides with Eq.
(47). Here we dene the electric dipole moment of quark-diquark system
more precisely as compared with the letter [5] and as a result the mean
relative coordinate of a baryon Eq. (47) coincides with one for a meson.
The third term in Eq. (51) describes the potential energy due to the electric
polarizability of a baryon. The polarization potential is given by (see [18,14])





where ,  are electric and magnetic static polarizabilities of hadrons,
respectively. From Eq. (51) by comparing the quadratic term in E with Eq.









Let us consider the estimation of the electric polarizability for the proton
p = uud. There are two possibilities for a proton as a quark-diquark system:
a) the quark q(3) = d and diquark (q(1)q(2)) = (uu), so the electric charges
e1 = e2 = (2e)=3, e3 = −e=3 and parameter q = e1 + e2 − e3 = (5e)=3;
b) the quark q(3) = u, diquark (q(1)q(2)) = (ud) and the electric charges
e1 = e3 = (2e)=3, e2 = −e=3 and parameter q = e1 + e2 − e3 = −e=3. It
should be noted that there are not permutations of quarks here which occur
in the Green function Eq. (11) due to the Pauli principle. Using the value of
the string tension  = 0:15 GeV2 and a(1) = 2:3381 from Eq. (53) we nd
the static polarizability of a proton in Gaussian units for two cases
a) p = 5:56 10−4 fm3 b) p = 0:22 10−4 fm3: (54)
The generalized electric polarizability which is extracted from measure-
ments of the Compton scattering cross sections is given by [14]









where M is the mass of a nucleon, rE is electric radius and magnetic
moment of the hadron  = (e)=(2M). Using the experimental values of
electric radius and magnetic moment of the proton we have p = (4:5 
0:1) 10−4 fm3 [14]. From (54) the total electric polarizability of a proton is
given by
a) p = 10 10−4 fm3 b) p = 4:7 10−4 fm3: (57)
The conguration of a proton a), when the quark q(3) = d and diquark
(q(1)q(2)) = (uu) is more favorable as the experimental values of electric po-
larizability are expp = (10:9 2:2 1:3)10−4 fm3 [19]; (10:6 1:2 1:0)
10−4 fm3 [20]; (9:8 0:4  1:1) 10−4 fm3 [21]. So in the case a) we have a
good agreement with experimental data.
For the neutron n = udd also there are two possibilities: a) the quark
q(3) = u and diquark (q(1)q(2)) = (dd), so the electric charges e1 = e2 = −e=3,
e3 = (2e)=3 and parameter q = e1 + e2− e3 = −(4e)=3; b) the quark q(3) = d,
diquark (q(1)q(2)) = (ud) and the electric charges e3 = e2 = −e=3, e1 = (2e)=3
and parameter q = e1 + e2− e3 = (2e)=3. Inserting thies parameters into Eq.
(53) one gives
a) n = 3:56 10−4 fm3 b) n = 0:89 10−4 fm3: (58)
For the neutron n = 0:62 10−4 fm3 [14] and the generalized electric
polarizability of a neutron is given by
a) n = 4:2 10−4 fm3 b) n = 1:5 10−4 fm3: (59)
The experimental situation for a neutron is more complicated as there are
dierent experimental data: expn = (0:0  5)  10−4 fm3 [17]; (12:6  1:5 
2:0)10−4 fm3 [22]. The recent experimental data [17] are close to both cases
but the case b) with the quark q(3) = d and diquark (q(1)q(2)) = (ud) is more
favorable. Another experimental data [22] are close to the case a) in Eq.
(59) with quark q(3) = u and diquark (q(1)q(2)) = (dd) but the magnitude
(59) a) is small. This experimental discrepancy does not allow to choose
reliably one of the possibilities: a) or b). The value of n in the situation
a) in Eq. (59) is close to one obtained in the oscilator nonrelativistic quark
model [23-25,18,14].
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V. DIAMAGNETIC POLARIZABILITIES OF NUCLEONS
In according to Eq. (52) for calculating the magnetic polarizability of
nucleons one needs to compare it with Eq. (37). The eective Hamiltonian
(37) (at E = 0, R = Π = 0) can be cast into













+ b j  j;










[( H)]2 ; (60)
where Lk = −ikmnm@n is the angular momentum and @n =@=@n. With-
out loss of generality we can choose the direction of the magnetic eld on
the third axis, i.e. H = (0; 0; H): Then the Hamiltonian of an interaction of

















where L3 = i (2@1 − 1@2). Considering the small external magnetic eld,
the perturbative theory can be applied. Using the perturbative method [26]
one arrives at the shift of the energy


















hn0 j − (HL3) = (2) j ni
En − En′ ; (62)
where # is the angle between coordinate  and magnetic eld H. After
averaging Eq. (62) and taking into account the equation (1=4)
∫
sin2 #dΩ =












Here we ignore the spin interaction of a baryon with external magnetic
eld and therefore only diamagnetic polarizability can be dened from Eq.
17
(63). Using the denition of the relative coordinate r = b and comparing












As it should be, the diamagnetic polarizabiliry is negative and Eq. (64)
is like the Langevin formula for the magnetic susceptibility of atoms. The
similar expression was derived in [2] for mesons. Take into account Eqs. (26),



















 [a(n)=3]3/4 : To calculate
the value of dia for nuleons we can use the theoretical magnitude of the
mean-squared relative coordinate hr2i or experimental data for the size of
a nucleon. The rst way is more favorable. Taking into account Eq. (47),










For a proton with the more favorable conguration a), when the quark
q(3) = d and diquark (q(1)q(2)) = (uu); parameter q = (5e)=3 and Eq. (5.66)
(at  = 0:15 GeV2) takes the value
diap = −8  10−4 fm3: (67)
This quantity is greater than one found in the nonrelativistic quark model
[18,14]. The value of the magnetic polarizability extracted from the low-
energy Compton experiments [19-22] is
 = para + dia; (68)




j hn j mz j 0i j2
En − E0 : (69)
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Here j 0i, j ni are the ground and excited states of a nucleon, respec-
tively, mz is the third projection of the magnetic dipole operator. The main
contribution to the paramagnetic polarizability goes from (1232) excitation
[27] and is given by para∆ = (13 3)  10−4 fm3. To calculate para in the
present approach one needs to take into account the interaction of spins of
quarks with the magnetic eld. For estimation of the total magnetic polariz-
ability we use the contribution para∆ and in accordance with Eqs. (67), (68)
p = (5 3)  10−4 fm3. This quantity is close to the experimental value
expp = (2:9 0:7 0:8) 10−4 fm3 [22]. The considering approach allows to
improve the accuracy by using the perturbation in the spin interaction. The
next step is to take into account such corrections.
For a neutron with the conguration a) where the quark q(3) = u and
diquark (q(1)q(2)) = (dd), the parameter q = −(4e)=3 and Eq. (65) gives
dian = −5:4 10−4 fm3: (70)
Using the paramagnetic polarizability para∆ = (13 3)10−4 fm3 [27] for
a neutron we get from (68) the generalized magnetic polarizability of a neu-
tron n = (7:6 3) 10−4 fm3 which is in agreement with the experimental
quantity expp = (3:2 1:5 2:0)10−4 fm3 [22]. In the considering approach
the accuracy of the values of electromagnetic polarizabilities can be improved
by taking into account spin interactions as perturbations in accordance with
Eq. (20).
VI. CONCLUSION
The considering scheme for baryons as a quark-diquark system is very
similar to the approach for mesons [2]. The eective Lagrangian for baryons
(21) obtained on the basis of the QCD string theory is applied here for
calculating the mean size and electromagnetic polarizabilities of a proton and
neutron which are in reasonable agreement with the experimental data. The
more favorable combination for a diquark is (uu) for a proton and (dd) for a
neutron. In this case theoretical values for electromagnetic polarizabilities are
close to experimental data. As a rst step we made some approximations and
model assumptions. So spin interactions of quarks treated as a perturbation
were neglected here but we took them into account by using the paramagnetic
polarizability of a nucleon. As an approximation it is justied because in
Isgur-Karl model of baryons [28] spin-orbit splitting are much smaller than
expected from one-gluon-exchange matrix elements (spin forces were also
discussed in [29]). Implying small spin-orbit forces in baryons we come to
19
K and quark-diquark system correspondence (see [2]). It is possible also
to consider excited states of baryons at nonzero orbital l and principal n
quantum numbers. So the present approach can be applied for studying any
baryons.
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